Magnesium diboride, MgB 2 , has a relatively high superconducting transition temperature 1 , placing it between the families of lowand high-temperature (copper oxide based) superconductors. Supercurrent¯ow in MgB 2 is unhindered by grain boundaries 2,3 , making it potentially attractive for technological applications in the temperature range 20±30 K. But in the bulk material, the critical current density (J c ) drops rapidly with increasing magnetic ®eld strength 4 . The magnitude and ®eld dependence of the critical current are related to the presence of structural defects that can`pin' the quantized magnetic vortices that permeate the material, and a lack of natural defects in MgB 2 may be responsible for the rapid decline of J c with increasing ®eld strength 3 . Here we show that modest levels of atomic disorder induced by proton irradiation enhance the pinning of vortices, thereby signi®cantly increasing J c at high ®eld strengths. We anticipate that either chemical doping or mechanical processing should generate similar levels of disorder, and so achieve performance that is technologically attractive in an economically viable way.
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A type II superconductor undergoes the transition to the normal state at the upper critical ®eld, H c2 . However, the ability to carry dissipation-free current ceases at a lower ®eld, the irreversibility ®eld, H*. Above H* the Lorentz force on the vortices is large enough for them to become detached from pinning defects, and virtually free to move. In MgB 2 powder (and also wires and tapes), H* is approximately half of H c2 (ref. 5) , so that there is an extended ®eld domain where there might be a useful J c if only the pinning could be strengthened.
Ion irradiation is a reproducible means of inducing crystalline disorder. Energetic ions displace atoms from their equilibrium lattice sites, creating a variety of defects, including vacancies and interstitials. Such defects tend to depress the superconducting order parameter locally, and thereby create pinning sites for the vortices. We chose protons for this initial study because at the maximum beam energy available to us of 2 MeV, they can penetrate 40 to 50 mm into MgB 2 . A series of irradiations were performed in order to create signi®cant defect densities. The probability of displacement per atom (d.p.a.) can be simulated using commercial software 6 , and we aimed to generate as uniform a pro®le as possible through the sample depth (Fig. 1) .
As in our previous study 3 , we selected fragments of about 100 mm size from commercial MgB 2 powder (Alfa Aesar Company, 98% purity). Several samples were prepared, each of 20 fragments embedded in silver-loaded epoxy and then polished, so that a de®ned geometry was obtained, with an estimated thickness for the MgB 2 fragments of about 50 mm. Also, this con®guration ensured that good electrical and thermal contact with the conducting substrate was maintained during irradiation. Two samples were irradiated to fairly uniform damage levels of ,1% and 5% d.p.a. respectively, and one sample was more lightly damaged (,0.04% d.p.a. through most of its volume), but in a less uniform manner (see Fig. 1 legend) . After the irradiation, the fragments were extracted from the epoxy and their magnetic moments were measured.
The transition temperature, T c , drops with irradiation ( Fig. 2 ). This could be caused by a number of possible factors: for example, depression of the density of states at the Fermi level by the disorder. Also, the transition broadens considerably in the irradiated samples; the inhomogeneity of the damage must contribute signi®cantly to the breadth. It should be noted that in the 1 and 5% d.p.a. samples, the onset of the transition is lowered too, that is, there is no , as was used to irradiate the sample denoted 0.04% d.p.a. The inset shows the same data on an expanded scale. In order to create fairly uniform damage through the depth of a second sample, 15 consecutive implants were made with the beam energy varied between 2 MeV and 400 keV (solid line); the average damage is 1% d.p.a. A third sample was irradiated similarly, but a ®ve times higher¯uence, yielding 5% d.p.a. damage. In order to minimize sample heating, the beam current was maintained at 2 mA cm m (a.u.)
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Figure 2 Effect of irradiation on the superconducting transition. As the damage increases, the onset transition temperature, T c , decreases and the superconducting transition broadens, re¯ecting the disorder. The samples were zero-®eld cooled, a ®eld of 10 mT applied, and the magnetic moment m measured while warming.
indication of the presence of any residual undamaged material in these samples.
We obtain the critical current density J c from measurements of the irreversible magnetization in the standard fashion 7 . Irradiation does degrade J c at low ®elds ( Fig. 3) , in part at least because of the reduction in T c . However, the crucial result is that the ®eld dependence of J c¯a ttens signi®cantly in the irradiated samples. Even the lowest level of damage reduces the downward slope of the log(J c )±H curve. Higher irradiation doses further decrease this slope by a factor of about 2. The combination of low-®eld degradation and high-®eld improvement yields a cross-over, so that, for example, the 1% d.p.a. sample at 20 K has a higher J c than the virgin sample at magnetic ®elds above about 2.5 T.
Another way of quantifying the magnetic ®eld dependence of J c is by de®ning the irreversibility ®eld, H*, above which J c drops below a useful level (Fig. 4) . We show also the upper critical ®eld, H c2 , for non-irradiated MgB 2 (ref. 5) . Irradiation progressively increases the slope, dH*/dT, and for the 5% d.p.a. sample it closely approaches the virgin sample dH c2 /dT. Very heavily damaged (by neutron irradiation) MgB 2 has been studied 8 : the disorder strongly reduces T c , but leaves dH c2 /dT almost unchanged (J c was not measured). It is therefore likely that dH c2 /dT is unchanged in our samples too.
Another report of an enhancement of H* in MgB 2 is in thin (submicrometre) ®lms deposited by laser ablation 9 . There too there is a depression of T c , and the slope of dH*/dT is even higher than in our irradiated samples (Fig. 4) . These ®lms are nanocrystalline, and it seems likely that in such ®lms the grain boundaries are responsible for the strong vortex pinning.
At this stage, the detailed nature of the defects in irradiated MgB 2 is uncertain. The incident protons should be able to cause displacements on both Mg and B sublattices, and interstitials may form loops between the planes. At the end of their track, the protons may simply diffuse out, form MgH 2 , or react to form boranes. In any event, the defects form stronger pinning sites than those that are native in MgB 2 , as shown by the sharp reduction in slope of the J c versus H plots.
Proton irradiation is clearly impractical for large-scale manufacture of MgB 2 high-current conductors, but these results demonstrate that modest disorderÐat a level that should be achievable by chemical doping or alloyingÐin bulk MgB 2 can signi®cantly improve J c at high magnetic ®elds. The defect species and concentration will need to be optimized so as to minimize the reduction of T c , while maximizing the enhancement of H*.
The performance of high-temperature superconductors has improved steadily over 10 years of development 4 . The best commercially fabricated long-length tapes incorporating the Bi 2 Sr 2 Ca 2 Cu 3 O x phase achieve J c values of about 1:5 3 10 5 A cm 2 2 at 20 K and zero applied ®eld, dropping by a factor of about three in a ®eld of 2 T. Both this absolute value of J c and its (approximately exponential) ®eld dependence are very close to those of irradiated MgB 2 (Fig. 3) .
We suggest that at temperatures around 20 K, which can readily be achieved with standard cryocoolers, and at ®elds up to a few tesla, MgB 2 conductors with achievable pinning enhancement will be competitive in performance with high-temperature superconductors. The latter are costly to produce, so that if MgB 2 conductors can be fabricated cheaplyÐthe constituents themselves are inexpensiveÐseveral applications of superconductivity, for example, for open-access medical magnetic resonance imaging magnets 10 , will become much more economically attractive. Technically useful bulk superconductors must have high transport critical current densities, J c , at operating temperatures. They also require a normal metal cladding to provide parallel electrical conduction, thermal stabilization, and mechanical protection of the generally brittle superconductor cores. The recent discovery of superconductivity at 39 K in magnesium diboride (MgB 2 ) 1 presents a new possibility for signi®cant bulk applications 2±5 , but many critical issues relevant for practical wires remain unresolved. In particular, MgB 2 is mechanically hard and brittle and therefore not amenable to drawing into the desired ®ne-wire geometry. Even the synthesis of moderately dense, bulk MgB 2 attaining 39 K superconductivity is a challenge because of the volatility and reactivity of magnesium. Here we report the successful fabrication of dense, metal-clad superconducting MgB 2 wires, and demonstrate a transport J c in excess of 85,000 A cm -2 at 4.2 K. Our iron-clad fabrication technique takes place at ambient pressure, yet produces dense MgB 2 with little loss of stoichiometry. While searching for a suitable cladding material, we found that other materials dramatically reduced the critical current, showing that although MgB 2 itself does not show thè weak-link' effect characteristic of the high-T c superconductors, contamination does result in weak-link-like behaviour.
We have made metal-clad wires by using the powder-in-tube technique that was used to make the Y±Ba±Cu±O oxide superconductor 6 . We note that a similar powder-in-tube approach has recently been used to fabricate metal-clad MgB 2 wires using various metals, such as Cu, Ag, Ni, Cu±Ni, or Nb (refs 7±9). In our study, the use of proper metal cladding has been found to be critical in producing well-sintered, high-J c wires because of the strong chemical reactivity of MgB 2 . Magnesium in MgB 2 tends to react and combine with many metals such as Cu or Ag to form solid solutions or intermetallics with lowered melting points 10 (as low as about 480 8C in the case of eutectic formation), which renders the metal cladding useless during sintering of MgB 2 at around 900± 1,000 8C. Excluding elements with very low melting points such as Na or K, there are only a small number of essentially inert metals which exhibit no or little mutual solubility with Mg and do not form intermetallic compounds with Mg. These include Fe, Mo, Nb, V, Ta, Hf and W. Of these, the refractory metals (Mo, Nb, V, Ta, Hf, W), because of their greatly inferior ductility compared to Fe, are more dif®cult if not impossible to process with the substantial plastic deformation involved in ®ne-wire or ribbon fabrication. Thus Fe appears to be the best candidate material as a practical cladding metal or diffusion barrier for MgB 2 wire fabrication. Iron and its alloys are also inexpensive, naturally abundant and commercially widely available.
For MgB 2 wire/ribbon fabrication, we used mostly Fe tubes (or Cu tubes lined with an Fe inner tube as a diffusion barrier, Fig. 1a , which yielded essentially comparable superconducting characteristics). The tubes were ®lled with MgB 2 powder, drawn into wires, cold rolled to ribbons, and sintered. For direct and reliable measurements of T c and J c from the superconductor, the metal cladding was mechanically removed after wire fabrication Figure 1 The MgB 2 ribbons were fabricated using Fe or Cu/Fe tubes with outside diameters of 5±6.35 mm. One end of the tube was sealed by crimping and the tube was then ®lled, in an argon atmosphere, with commercially available MgB 2 powder (98% purity, -325 mesh, from Alfa Aesar). The remaining end of the tube was also crimped and the composite structure was then swaged (and wire-drawn in some cases) followed by cold rolling to a ribbon geometry with 0.25±0.5 mm thickness, 3±5 mm width, and about 60 cm length. a, Longitudinal cross-sectional micrograph from the sintered ribbon. The superconductor core deforms continuously in conformation with the composite wire geometry during the deformation processes, presumably by particle±particle sliding. The Cu-and Fe-clad metal structure is well de®ned and distinguishable from the MgB 2 core which is around 35 mm thick. b and c, The high-magni®cation microstructures of the ribbons sintered (in argon) at 900 8C for 30 min and at 1,000 8C for 30 min, respectively. A dense structure with an ultra®ne grain size of about 1,200 A Ê in average diameter is observed for the 900 8C sample. This is much smaller than the size of the starting MgB 2 powder material used (our SEM analysis gives an average of 3 mm), indicating substantial grain re®nement by the wire fabrication process. Such grain re®nement permits us to perform the necessary consolidation sintering at a lower temperature, thus reducing the extent of undesirable metallurgical reactions, such as the contamination of MgB 2 grain boundaries. The sample sintered at 1,000 8C gives a grain size about 2.5 times larger than that for the sample sintered at 900 8C. Unlike the Y±Ba±Cu±O type superconductors 12 , the larger grain size in MgB 2 does not lead to a signi®cant increase in critical currents, as indicated by our measurements of the magnetization J c value.
